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ABSTRACT OF THESIS 
ARSENIC HETEROGENEITY IN AQUIFER SEDIMENTS FROM WEST BENGAL, INDIA 
Multiple studies in the Bengal basin have shown that elevated As in groundwater 
coincides with reduced, relatively dark sediments of Himalayan provenance. In West 
Bengal state (India), As concentrations > 10 μg/L tend to occur east of the River 
Bhagirathi-Hoogly, the main distributary of the Ganges. Associations among sediment 
chemistry and mineralogy for four cores from either side of the Bhagirathi-Hoogly (cores 
1 and 2 to the east, 3 and 4 to the west) in Murshidabad district were investigated. Ten 
sediment samples were collected from each boring at various depths to a maximum of 
38 to 43 m. Sediment chemistry was investigated using sequential extraction, digestion 
and analysis of As, Al, Ca, Fe, and Mn on an ICP-OES and GFAAS, and by total carbon 
analysis on a CNS analyzer. Organic carbon content was measured gravimetrically by HCl 
digestion. Sediment mineralogy was investigated using thin-section petrography and a 
microprobe EDS. Pyroxenes and phyllosilicates appear to be the primary sources of 
arsenic in the study area. Additionally, core 4 sediments are mineralogically similar to 
cores 1 and 2 despite differences in arsenic concentrations in the groundwater. We 
conclude that a 65-ft (20-m) silt layer overlying the aquifer sands in core 4 acts as a local 
aquitard and restricts arsenic mobilization locally. 
Keywords: Arsenic, groundwater, Bengal basin, pyroxene, phyllosilicate 
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Chapter 1. Introduction 
The Bengal basin of Bangladesh and eastern India is one of the most densely 
populated regions of the world, with ~ 120 million residents (Hasan et al., 2007). 
Population density has led to indiscriminant use of waterways for sewage and industrial 
waste disposal, thus degrading surface water quality (Mukherjee and Fryar, 2008). 
Because of this pollution, particularly by pathogenic microorganisms, India and 
Bangladesh turned to groundwater as an alternate source of drinking water and 
irrigation water, beginning in the 1970’s (Mukherjee and Fryar, 2008). In 1978, 
groundwater in the Indian state of West Bengal was found to have arsenic 
concentrations > 50 μg/L, the World Health Organization (WHO) drinking-water 
standard at the time (Mukherjee and Fryar, 2008). Unfortunately, the extent of 
groundwater contamination by arsenic in Bangladesh was not appreciated until the 
1990s (Swartz et al., 2004). Tens of millions of Bengal basin residents are thought to be 
at risk of health impacts from arsenic ingestion (Swartz et al., 2004). 
Arsenic is considered the prime naturally-occurring carcinogen in the 
environment (Haque et al., 2008). Arsenic is a ubiquitous metalloid that can lead to early 
death when ingested over extended periods (Mukherjee and Fryar, 2008). Its 
occurrence in groundwater used for drinking has caused serious health problems, from 
skin disorders to cardiovascular disease and cancer, even at relatively low 
concentrations (Smedley, 2005). As a result of these adverse health effects, the US 
Environmental Protection Agency (EPA) has reduced the maximum contaminant level 
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for arsenic in drinking water from 50 μg/L to 10 μg/L, and the World Health Organization 
(WHO) has lowered its current drinking-water standard from 50 µg/L to 10 µg/L for 
arsenic, as well. Reducing conditions in aquifers have been established as a risk factor in 
the generation of high-arsenic groundwater (Smedley, 2005), but the details of arsenic 
mobilization within aquifers are complex and not fully understood. Possible mitigation 
options include locating drinking water wells in oxidized sediments, which contain 
significantly lower amounts of arsenic. 
1.1 Study Area 
The Bengal basin, in the northeastern part of the Indian subcontinent, is the 
world’s largest fluvio-deltaic basin at approximately 200,000 km2 (Figure 1.1-1.2) (Alam 
et al., 2003). Its location at the junction of three intersecting plates, the Indian, Burma, 
and the Tibetan plates, gives the basin a variable history of sediment deposition (Alam 
et al., 2003). The Bengal basin is composed of three tectonic provinces: (1) the Stable 
Shelf; (2) the Central Deep Basin; and (3) the Chittagong-Tripura Fold Belt (Figure 1.3). 
Precambrian metasediments and Permian-Carboniferous rocks are found in drillholes in 
the stable shelf province. After the Precambrian, sedimentation in the Bengal basin 
started in isolated graben-controlled basins on the basement. During the Jurassic and 
Cretaceous, the northward movement of the Indian plate caused the basin to start 
downwarping, and sedimentation began to occur on the stable shelf and the deep basin. 
This sedimentation has continued for most of the basin into the present. Because of a 
major marine transgression during the Eocene, the stable shelf came under a carbonate 
regime and the deep basin area was dominated by deep-water sedimentation. During 
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the Miocene, because of continuing collision between plates and uplift in the Himalayas 
and Indo-Burman Ranges, large amounts of clastic sediments were deposited from the 
northeast and east. Clastic sedimentation has continued from the west and northwest 
from the Pliocene onwards (Alam et al., 2003). 
Groundwater flow modeling in the study area has identified an expansive main 
aquifer across much of the western Bengal basin, which thickens southward toward the 
Bay of Bengal. Several small isolated aquifers were also identified below the main 
aquifer. Groundwater modeling shows flow patterns were topographically controlled 
(i.e., generally southward) prior to large-scale groundwater abstraction beginning in the 
1970’s. Groundwater flow models based on abstraction rates as of 2001 show that 
several local- to intermediate-scale flow systems have replaced the previous regional 
flow system. Hydraulic gradients are controlled by pumping centers and local aquifer 
architecture. Increased abstraction has created sub-regional cones of depression 
(Mukherjee et al., 2011a). 
Concentrations of arsenic in groundwater are relatively low west of the River 
Bhagirathi, the main tributary of the River Ganges in India (also known as the River 
Hoogly in southeastern West Bengal), and relatively high to the east (Figure 1.4) 
(Mukherjee and Scanlon, 2008; Neal, 2010; Neal et al., 2009, 2010). For the current 
study, which builds upon Mukherjee and Scanlon (2008), I hypothesize that significant 
differences in arsenic concentration east versus west of the River Bhagirathi-Hoogly are 
explained by differences in mineral abundances and arsenic content of the minerals. 
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1.2 Literature Review 
The Earth’s continental crust contains around 1.0 to 1.8 mg/kg of arsenic. 
However, concentrations vary widely between different rock types and different 
continents (Henke, 2009). Eastern China, for example, has an average arsenic 
concentration of 3 mg/kg. Granites and granodiorites, which commonly compose the 
upper continental crust, contain 3 mg/kg on average. Weathering, erosion, and 
sedimentation also play a role in concentrating arsenic in the earth’s crust (Henke, 
2009). The Bengal basin has experienced the effects of weathering and erosion of the 
Himalayan mountain range, which has contributed to the elevated arsenic 
concentrations in its sediments and groundwater. 
Recent hydrogeochemical studies in the aquifers of the Bengal basin have 
focused on identifying groundwater with arsenic concentrations greater than the 
current WHO standard of 10 μg/L and inferring controls on arsenic release from 
sediments. Studies have inferred As mobilization by reductive dissolution of iron(III) 
(oxyhydr)oxides, which is driven by bacterial oxidation of organic matter (e.g., 
Bhattacharya et al. 1997; Harvey et al., 2002; McCarthy et al., 2004), and by competitive 
desorption of arsenic species by other oxyanions (Appelo et al., 2002; van Geen et al., 
2008; Neal, 2010). Horneman et al. (2004) stated that arsenic mobilization into 
groundwater is linked to the transformation of predominantly iron(III) oxyhydroxide 
coatings on sand particles to iron(II) solid phases. Von Brömssen et al. (2008) did a 
preliminary study of aqueous and solid-phase geochemistry of arsenic-contaminated 
aquifers in Bangladesh in an attempt to establish a method for drillers to quickly identify 
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arsenic-contaminated zones based on sediment color. They found high arsenic 
concentrations in groundwaters drawn from zones of dark gray anoxic sediment. They 
also found that in addition to redox processes, arsenic concentrations may be 
influenced by secondary mineral phases as well. They confirmed that high arsenic 
mobility is typical in reducing aquifers with generally darker colored sediment. 
Neal et al. (2010, 2011) and Neal (2010) investigated heterogeneity in arsenic 
distributions in shallow aquifer sediments from Murshidabad district (West Bengal, 
India) and examined the relationship between dissolved and solid-phase arsenic. They 
found that arsenic concentrations in groundwater underlying Holocene floodplains east 
of the Bhagirathi were > 600 μg/L, while groundwater samples collected west of the 
river from Pleistocene terrace sediments had low concentrations of arsenic (< 10 μg/L). 
The mineralogy of the sediments from either side of the river was similar (largely quartz 
and feldspars), but the sediments east of the river contained higher amounts of 
carbonates and other accessory minerals. Sediments with high arsenic were gray and 
had large amounts of apatite and Mg-rich clays indicative of reducing conditions. 
Arsenic concentrations in groundwater correlated inversely with the extractable PO4
3- 
content, which suggests As mobilization by competitive anion exchange, but not with 
solid-phase As or Fe. High-As groundwaters are characterized by high concentrations of 
Fe and NH4
+ and low concentrations of Cl- and SO4
2-. 
Mukherjee and Scanlon (2008) collected groundwater and river water 
concurrently with the sediment samples in this study. Water from the Sonar Bangla 
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aquifer is primarily Ca-HCO3 type with minor differences in major solute chemistry. Of 
the 27 samples collected east of the River Bhagirathi, 22 show arsenic concentrations > 
10 μg/L. All 13 of the western samples, however, show arsenic concentrations <10 μg/L. 
The same trend is apparent in the stream water collected east and west of the river. 
Fe(II), NH3, PO4
3-, and HCO3
- were measured in each of the groundwater samples, and 
the eastern samples were found to have much higher concentrations of these redox 
sensitive parameters, as well as a lower Eh (median -159 mV, range: -1.9 to -204 mV). 
The western sites show lower concentrations and higher Eh (median -61 mV, range: +45 
to -144 mV) (Mukherjee and Scanlon, 2008). This suggests a major difference in water-
sediment interaction and hydrochemical evolution of trace solutes. 
Mukherjee (2006) collected rainwater, deep groundwater, and river water from 
the larger region of West Bengal east of the Bhagirathi-Hoogly and west of the 
Bangladesh border. These samples were analyzed for major and minor solutes, stable 
isotopes, and dissolved gases. A plot of deuterium versus oxygen-18 values for deep 
groundwaters fell sub-parallel to the local meteoric water line, indicating meteoric 
recharge of the aquifer with some evaporation. Arsenic concentrations greater than 10 
μg/L were found in 60% of deeper groundwater samples. The mobilization of arsenic 
from deep aquifer sediments is related to coupled Fe-C-S redox cycles. Mukherjee et al. 
(2011a) concluded that arsenic is probably introduced into the deeper groundwater 
where the regional confining unit is absent. 
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Selim Reza et al. (2010) analyzed sediments and groundwater samples from 
northwestern Bangladesh. They performed a sequential extraction of sediments taken 
from two cores from depths of 50 m. Additionally, they analyzed groundwater samples 
from nested wells beside each core location. They found that sediments generally 
became finer upward, indicating a fluvial environment of deposition. They also found 
that fine-grained sediments were rich in organic matter, indicating overbank sediments. 
Using scanning electron microscopy, they observed that arsenic was absorbed on iron-
oxide-coated feldspar, mica, and quartz from the Ganges plain sediments, and that the 
clay surfaces were partly covered by iron oxides. Using XANES (X-ray absorption near-
edge structure spectroscopy) spectra, they found that the arsenic was in the form of a 
mixture of arsenite and arsenate. This indicates that the redox state of the aquifer may 
fluctuate due to the complex hydrogeology of their study area. They inferred that the 
arsenic distribution in the groundwater is controlled not only by depth, but to a major 
extent by the subsurface geology, including lithology and grain size, and by redox 
conditions. They hypothesized that enrichment of organic matter in fine-grained 
sediments could lead to reducing conditions which favor arsenic mobilization. Their 
groundwaters were largely dominated by Ca-HCO3 or Ca-Mg-HCO3. Concentrations of 
SO4
2- and NO3
- were generally low. They found that arsenic (III) was the dominant 
species present, representing 67–97% of total arsenic in Bangladeshi groundwaters in 
their study area. About 85% of total dissolved Fe was Fe(II). Their results show that 
arsenic is strongly correlated with Fe(II) oxides, Mn(II) oxides, and noncrystalline 
aluminosilicate phases. They also found a positive and statistically significant correlation 
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between arsenic and organic carbon in sediment. Additionally, they found a poor 
correlation of arsenic to dissolved Fe in groundwater locally. They hypothesized that this 
could be due to the precipitation of siderite, which they saw in their SEM imaging. They 
concluded that reductive dissolution of FeOOH and MnOOH by anaerobic bacteria is an 
important mechanism for arsenic release to groundwater. 
Lowers et al. (2007) found that authigenic pyrite is the primary sink of arsenic in 
sediment from two deep boreholes in the Bengal basin in southern Bangladesh. They 
also found that ferric oxyhydroxides and secondary iron phases contain significant 
amounts of arsenic between the depths of 20 and 100 m, which corresponds to the 
depth range of wells containing the most dissolved arsenic. They found that the lack of 
pyrite in this interval was due to rapid sedimentation and low sulfur flux from riverine 
sources. They concluded that the observed correlation between deeper aquifers and 
low-arsenic groundwaters correlated with zones of adequate sulfur supply and 
increased time for arsenic redistribution into pyrite during diagenesis. 
McArthur et al. (2004) proposed a link between peat and the reduction of 
FeOOH, which results in the mobilization of arsenic in groundwater around Kolkata 
(Calcutta), India. FeOOH reduction is thought to be driven by microbial oxidation of 
organic matter derived from local peat bogs. These are hydraulically linked to gray 
sediments supplying arsenic-enriched water, while brown sediments are associated with 
low-arsenic water (based on anecdotal evidence). McArthur et al. (2004) proposed that 
Holocene sands composing the Bengal basin were derived by erosion of Himalayan 
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rocks, mostly igneous and metamorphic. This occurred during a time of extended 
glaciation and physical weathering, rather than chemical weathering. The sediment was 
then buried in a waterlogged, anoxic environment, meaning there was little opportunity 
to acquire FeOOH through oxidative weathering (McArthur et al., 2004). Figure 1.5 
shows the locations of similar dissolved and solid-phase arsenic studies in the region 
and their proximity to the current study. 
The objectives of this study, as informed by this literature review, are to 
investigate the relationship between arsenic concentrations in sediment and 
groundwater east and west of the River Bhagirathi-Hoogly, and to identify an arsenic 
source within the main aquifer of the study area. 
  
10 
 
Figure 1.1 Outline of Bengal basin in eastern India and Bangladesh (modified from 
(Morgan and McIntyre, 1959). 
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Figure 1.2 Study location highlighted in blue box within Bengal basin of India and 
Bangladesh (modified from Morgan and McIntyre, 1959). 
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Figure 1.3 Map showing major geologic features of the Bengal basin in eastern India and 
Bangladesh (modified from Alam et al., 2003). 
 
India
 
 
Figure 1.4 Map of Bengal basin in eastern India and Bangladesh, showing transect of core locations across the River Bhagirathi-
Hoogly (Jarvis et al., 2008). 
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Figure 1.5 Map of other sediment study locations in the Bengal basin in relation to the 
current study. DEM from Jarvis et al. (2008). 
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Chapter 2. Methods 
2.1 Sample Collection 
Sediment samples and nearby groundwater samples were collected by Abhijit 
Mukherjee in 2008 along an east-west transect across the River Bhagirathi-Hoogly in 
Murshidabad district, West Bengal. Core 1 was bored to a depth of 145 ft (44.2 m), cores 
2 and 3 were bored to depths of 140 ft (42.7 m), and core 4 was bored to a depth of 125 
ft (38.1 m). Sediment texture and color were described in the field at 5-ft (1.5-m) 
intervals for each boring. Ten samples from each core were collected using medical 
grade urinalysis cups approximately every 10 to 20 ft (3.0 to 6.1 m), primarily from 
sandy intervals. The samples were shipped from the field to the University of Texas at 
Austin, then to the University of Kentucky, where they were refrigerated at ~ 4 °C until 
analysis began during 2010. Storage of unpreserved, unfrozen samples at field moisture 
content for the durations used in this study may have resulted in chemical 
transformations in the sediments (USEPA 2001). However, because the containers were 
sealed and the analytes are not generally volatile at low temperatures (Gray et al. 2001), 
total metal(loid)s concentrations should not have been affected. 
2.2 Sequential Extraction 
Samples were extracted using the continuous-flow sequential extraction 
methods outlined by Shiowatana et al. (2001). Samples were dried overnight in an oven 
set at 70°C. From each sample, 0.25 g of sediment was weighed out and placed in a 
polycarbonate extraction chamber along with a magnetic stir bar. A filter was fitted on 
top of the inner chamber, which had a volume of approximately 50 mL. Two types of 
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filters were used, depending on grain size, in order to speed extraction, reduce clogging, 
and reduce the amount of sediment which would pass through the filter in the case of 
silty or clayey samples. For silt-sized particles, a Millipore Isopore Membrane 0.2-µm 
polycarbonate filter was used. For sand-sized particles, an Osmonics Inc. Poretics 0.4-µm 
polycarbonate filter was used. Different filter pore sizes were chosen based on time 
differences using small pores versus larger pores. 
After the weighed sample, stir bar, and filter were placed inside the extraction 
chamber, the chamber was sealed at every opening with rubber gaskets. The chamber 
was connected to the extractant reservoir and collection vial using silicone tubing (5-
mm inside diameter), and placed on a magnetic stirrer. Extractants were pushed 
through the chamber using an FMI Lab Pump model QVG50 at its highest rate, which 
varied depending on grain size and extractant used. The first four extractants and the 
nominal forms of arsenic extracted were (Shiowatana et al., 2001): 
Step 1: 18.2 MΩ deionized (DI) water (water-soluble arsenic) 
Step 2: 0.5 M NaHCO3 (surface-adsorbed arsenic) 
Step 3: 0.1 M NaOH (Fe- and Al-associated arsenic) 
Step 4: 1 M HCl (carbonate-bound arsenic) 
The amounts of each extractant were also the same as used by Shiowatana et al. (2001): 
120 mL of DI water, 240 mL of NaHCO3, 240 mL of NaOH, and 180 mL of HCl for each 
sample. 
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For the final step, the sediment residue was removed from the chamber and 
transferred to a digestion vessel of 20 mL capacity (Parr acid digestion bomb 4749), to 
which 5 mL of concentrated HNO3 (69–70%) and 5 mL of concentrated HF (47–51%) 
were added. This step gave the amount of residual arsenic. The bomb was tightly sealed 
and placed in an oven at 150°C for 16 hours. After cooling, the digested solutions were 
diluted to 50 mL with DI water, evaporated to 1 mL using a hotblock, then diluted with 
DI water to 25 mL in a volumetric flask. Total arsenic in separate samples was 
determined using the same digestion procedure. 
2.3 GFAA and ICP Analyses 
Extractants from steps 1 through 4 were analyzed on a Shimadzu AA6800F 
atomic adsorption spectrophotometer with a GFA-EX7 graphite furnace (GFAA) in the 
Department of Plant and Soil Sciences at the University of Kentucky. Details of the 
furnace program used for arsenic analysis in H2O, 0.5 M NaHCO3, 0.1 M NaOH, and 1 M 
HCl matrices is given in Table 2.1. 
Digested samples were analyzed on an inductively coupled plasma optical 
emission spectrophotometer (Varian Vista Pro ICP-OES) in the Environmental Research 
and Teaching Laboratory, University of Kentucky (ERTL), for residual arsenic. Samples 
that were digested and analyzed for total arsenic were also analyzed for total aluminum, 
total calcium, total iron, and total manganese. In order to measure arsenic on the ICP, 
the read time was increased to 50 seconds. 
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2.4 Total Organic Carbon 
Twenty representative samples, which were selected based on color and grain 
size analysis, were analyzed by the Regulatory Services Laboratory at the University of 
Kentucky for their total carbon (TC) contents on an Elementar varioMAX CNS analyzer. 
Following this, the samples were analyzed using a gravimetric method for CO2 loss 
outlined in Klute (1986) to determine the total inorganic carbon in each sample. Three 
percent FeCl2 was added to 3 M HCl to reduce errors due to decomposition of organic 
matter. A clean, stoppered, 50-mL Erlenmeyer flask containing 10 mL of the HCl solution 
was weighed to the nearest 0.1 mg. Then a weighed sample of ~ 10 g of sediment was 
transferred into the flask. The stopper was removed and the flask gently shaken for 
approximately 20 seconds, then reweighed every 15 minutes until no more than 1 or 2 
mg of weight loss occurred. Once the solution had reached approximate equilibrium, 
the initial weight (stoppered flask and solution plus initial weight of sediment) and the 
final weight were used to calculate the amount of CO2 lost and the percent CO2 loss 
using the following equation: 
 
Once the percent inorganic carbon was calculated for each sample, this was subtracted 
from the percent total carbon to obtain the percent organic carbon (or total organic 
carbon [TOC]) for each of the twenty representative samples. 
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2.5 Petrographic and Microprobe Analyses 
The same twenty representative samples were air-dried and sent to Quality Thin 
Sections in Arizona for epoxy grain mounting and polishing. These samples were 
analyzed using a standard petrographic microscope at 40× magnification using 
transmitted, plane-polarized, and reflected light. Opaque minerals were identified in 
reflected light. Other minerals were identified by their birefringence, cleavage angles, 
twinning, and color in plane-polarized light versus transmitted light. Opaque, authigenic, 
and detrital minerals were identified and selected for microprobe analysis. 
The thin sections were then carbon coated in preparation for microprobe 
analysis. These samples were analyzed by an energy-dispersive spectrophotometer 
(EDS), which measures the wavelength of X-rays emitted by the grain when a focused 
beam of photons encounters it. The EDS then identifies the elements present and their 
approximate concentrations based on the peak intensity. 
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Table 2.1 Furnace program for Shimadzu AA6800F Atomic Adsorption 
Spectrophotometer and GFA-EX7 Graphite Furnace for analysis of extractants. 
Temp (°C) Time (sec) Ramp/Hold Sensitivity Ar gas (L/min) 
85 5 R  1 
95 30 R  1 
120 10 R  1 
1400 15 S  1 
1400 5 S Y 0 
2400 3 S Y 0 
2500 2 S  1 
 
Deuterium - arc background correction 
Pyrolitically coated graphite tube 
Slit width = 1 nm 
WL = 193.7 nm 
Matrix modifier : 5 µL of 400 mg/L NiNO3 
Sample injection volume = 15 µL 
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Chapter 3. Results 
3.1 Sediment Color and Particle-Size Analysis 
Sediment color and grain size were described by Abhijit Mukherjee in the field 
during collection of samples. Cores 1, 2, and 4 were gray to dark gray mottled black, 
while core 3 sediments were yellow to yellow-brown. Grain size was largely sand to silt 
sized, with a silt layer comprising the top 65 ft (20 m) of core 4 (Table 3.1). 
3.2 Sequential Extraction and Total Arsenic Analysis 
Table 3.2 shows the readings for each sample listed with its extractants, residual 
arsenic, and total arsenic. Nearly all of the sequentially extracted values were below the 
detection limit of 0.001 mg/kg (1 µg/L in solution) by GFAAS. Values in italics are J-
flagged values, meaning they are below commonly reportable detection limits, but will 
still be used in this study. Values in bold are above the detection limit. All samples 
analyzed on the ICP-OES were above the detection limit of 0.01 mg/kg (10 µg/L in 
solution). Figure 3.1 is a graphic representation of Table 3.2. Figure 3.1 shows that there 
is a statistically significant difference between the residual arsenic and the total arsenic, 
meaning that some extraction of arsenic did occur for nearly all samples. A paired-
samples t-test was conducted to compare arsenic in the residual fraction and in the total 
fraction of the sediment samples. The residual arsenic samples had significantly lower 
arsenic concentrations than the total arsenic samples (t = -4.24, df = 30, P = 0.00009). Of 
the 28 extracted samples, 86% had ≤ 4.0 mg/kg extractable As (i.e., the difference 
between total and residual As) and 50% had ≤ 1.0 mg/kg extractable As. Two outliers, 
samples 3/8 and 4/5, had >10 mg/kg extractable As, while for two other samples (2/5 
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and 2/9) residual arsenic exceeded total arsenic. It is possible that there was little to no 
labile arsenic in samples 2/5 and 2/9, or that some re-adsorption of arsenic occurred 
during the extraction process, but the latter problem should be limited with this method 
(Bacon and Davidson, 2008). 
The reason that arsenic was not detectable in the extractants could be dilution 
error. Figure 3.2 is an extractogram of standard NIST 2709 San Joaquin soil with a 
standard concentration of arsenic of 10.3 ± 0.3 mg/kg. This sample was extracted 
according to the method above, except each extractant was collected every 10 mL into 
subfractions, which were analyzed separately, as opposed to the other samples, in 
which each extractant was collected in its entirety without being broken out into 10 mL 
subfractions. The extractogram shows peaks of arsenic for each extractant (other than 
H2O) followed by a decrease to below detection limits. This confirms that the amounts 
of each extractant were sufficient to remove all arsenic in each fraction. 
Table 3.3 lists the percent arsenic recovery for the sediment samples, which was 
calculated assuming the total arsenic measured in each sample as the true total value. 
Average percent recovery of all the samples was 72%. Several samples underwent 
duplicate extractions and digestions. Method precision, which was measured by relative 
percent difference between duplicate digestions, was 10%, and percent relative 
standard deviation for the samples was 14%, indicating good agreement. Overall 
method accuracy was measured by recovery of four extractions and digestions of the 
NIST standard. Table 3.4 shows the percent recovery for the standard, which was 
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calculated using the known total arsenic value (10.3 ± 0.3 mg/kg) and relative percent 
difference between the four duplications of the standard’s measured total arsenic 
concentration. The average recovery for the standard was 68%. Method precision was 
problematic for individual extracts of the standard, which is likely to be a consequence 
of the low concentrations of solid-phase As extracted at each step. 
Figure 3.3 depicts total solid-phase As concentrations in borings and dissolved 
arsenic concentrations for adjoining wells as a function of depth. Apart from core 4, for 
which solid-phase As appears to decrease with increasing depth, there is no apparent 
linkage between arsenic concentration and depth. Arsenic concentrations in the 
groundwater samples are higher adjoining cores 1 and 2, which were collected east of 
the River Bhagirathi-Hoogly, and are nearly undetectable in cores 3 and 4 (Table 3.5). 
Arsenic concentrations in the sediment samples are not statistically significantly higher 
in cores 1, 2, and 4 than in core 3 (t = 0.64, df = 27, p = 0.26). 
Solid-phase arsenic was compared to aluminum, calcium, iron, and manganese in 
each sediment sample. Iron and manganese show a weak positive correlation with 
arsenic in the solid phase, while aluminum and calcium show no apparent correlation 
with arsenic (Figure 3.4-3.7). Correlations between iron and arsenic and between 
manganese and arsenic were further investigated for each core. Core 1 showed a strong 
negative correlation between arsenic and manganese (R2 = 0.85) and no correlation 
between iron and arsenic (R2 = 0.06) (Figure 3.8-3.9). Core 2 showed a weak positive 
correlation between arsenic and manganese (R2 = 0.20) and a more positive correlation 
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between iron and arsenic (R2 = 0.53) (Figure 3.10-3.11). Core 3 showed positive 
correlations between both manganese and arsenic (R2 = 0.54) and iron and arsenic (R2 = 
0.45), although these correlations appear to be affected by outliers (Figure 3.12-3.13). 
Core 4 showed a strong positive correlation between manganese and arsenic (R2 = 0.86), 
which is statistically significant at P = 0.05 for an absolute correlation, and a weaker 
positive correlation between iron and arsenic (R2 = 0.54) (Figure 3.14-3.15). All other 
correlations were below statistical significance or had too few cases to test for statistical 
significance (Core 1). 
3.3 Organic Carbon Analysis 
Few of the samples chosen for organic carbon analysis have high amounts of 
organic matter (Figure 3.16). Sample 4/6 stands out with a high organic carbon content 
of 0.62%, and samples 1/8, 2/2, and 2/3 have moderate amounts of organic carbon of 
0.24, 0.08, and 0.09 %, respectively (Table 3.6). All other samples have little or no 
detectable organic carbon. In particular, core 3, the westernmost core in the transect, 
has extremely low amounts of total carbon and no detectable organic carbon (Figure 
3.16). Figure 3.17 shows total carbon, organic carbon, and solid-phase arsenic for each 
of the chosen samples. There is no apparent relationship between arsenic and organic 
carbon content except for sample 4/6, which has both the highest organic carbon 
content and the highest arsenic. For core 3, lower arsenic peaks correspond to a lack of 
carbon (Figure 3.17). A bivariate plot of arsenic concentration versus organic carbon 
content has an R2 value of 0.39, which is statistically significant at P = 0.05 for a positive 
correlation (Figure 3.18). 
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3.4 Petrographic Analysis 
In addition to identifying minerals for microprobe analyses, petrographic 
microscopy was used to confirm information on grain size and to identify trends in iron 
staining, paleosol abundance, and rock fragment abundance.  
Core 1 is characterized by finer-grained sediments, largely quartz-dominated, 
with micas and plagioclase present. Paleosol and rock fragments appear to increase with 
depth and are iron-rich. Opaque minerals are abundant in sample 1/8. Potassium 
feldspar and plagioclase are semi-abundant in all samples from Core 1. Rutile is 
abundant throughout the core. 
Core 2 is characterized by quartz-dominated samples. Iron-rich paleosols are 
abundant in samples 2/2, 2/3, 2/8, and 2/10. Rock fragments are abundant in samples 
2/2, 2/3, 2/8, 2/9, and 2/10. Opaque minerals are abundant in samples 2/3, 2/7, and 
2/9. 
Core 3 is characterized by far more iron staining in all samples. Paleosols and 
rock fragments are abundant in samples 3/7 and 3/4. Rock fragments are abundant in 
sample 3/2. Opaque minerals, amorphous iron (oxyhydr)oxides in particular, are 
abundant in sample 3/7. Sample 3/10 has abundant rutile. 
Core 4 is characterized by quartz-dominated samples. Samples 4/9 and 4/10 
have larger grains, while sample 4/6 is finer grained. Sample 4/6 also has abundant 
paleosols and rock fragments. Opaque minerals are generally not very abundant in core 
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4, but some amorphous gibbsite is present in 4/9. Sample 4/10 contains greater 
amounts of rutile and biotite than the other core 4 samples. 
3.5 Microprobe Analysis 
Microprobe analysis was carried out on grains identified as detrital, authigenic, 
or opaque during petrographic microscopy. The purpose of this analysis was to identify 
ambiguous minerals and minerals that contain arsenic. Appendix 1 details mineral 
identification, presence of arsenic in the grain, and sample depth. 
Overall trends in clast abundance and arsenic content for all samples analyzed by 
microprobe EDS are shown in Figure 3.19. Table 3.7 gives the group names of identified 
minerals and lists identifiable minerals within each group, such as rutile within a 
paleosol, or a diopside in the pyroxene group. Paleosols were identified by their oxidized 
color and relatively small grain size. Some minerals which contain arsenic in this analysis 
were identified as grain coatings, such as on quartz. The most abundant minerals 
identified were 2:1 phyllosilicates, which were distinguished from 1:1 phyllosilicates by 
their ratios of silica to aluminum. Figure 3.19 shows that all 2:1 phyllosilicates, 1:1 
phyllosilicates, and pyroxenes identified contained appreciable arsenic. Paleosols and 
minerals therein (particularly rutile and calcite) commonly contained appreciable 
arsenic as well (Table 3.7). Rutile grains that were not within paleosols were less likely to 
contain arsenic. Iron (oxyhydr)oxides did not always contain arsenic in the analyzed 
samples, and these grains were not as abundant in most samples as expected. Only one 
pyrite grain was positively identified (in sample 1/8); that grain contained arsenic. 
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Figure 3.20 shows the five most commonly identified clast groups described in 
each core. Cores 1 and 2 contain abundant pyroxenes, whereas cores 3 and 4 do not. 
Cores 2 and 3 contain the majority of 2:1 phyllosilicates identified, all of which contain 
arsenic. Cores 3 and 4 contain the majority of identified paleosols, some of which 
contain arsenic. 
Figure 3.21 depicts data from the microprobe analysis of the sediment and the 
coincident arsenic concentrations in groundwater. Sediment data represent a ratio of 
arsenic “yes” counts to total clast counts for each core. Both the concentrations of 
arsenic in groundwater and the ratio of “yes” counts to total clast counts tend to be 
higher for cores 1 and 2 than for cores 3 and 4. This suggests a causal relationship 
between sediment composition and groundwater arsenic. However, this inference 
should be viewed with caution because of the inherent bias involved in targeting 
opaque, detrital, and authigenic clasts for analysis. 
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Table 3.1 Sediment color and lithology for each core as recorded by Abhijit Mukherjee 
during sample collection in 2008. 
Sample Depth (ft) Color Other Notes Lithology 
1/1 10 Yellow Pasty silt 
1/2 20 Yellowish gray  fine sand 
1/3 30 Black Pasty silt 
1/4 45 Gray  fine sand 
1/5 55 Black  fine sand 
1/6 75 Gray  fine sand 
1/7 90 Gray  fine sand 
1/8 110 Gray Mica fine sand 
1/9 120 Black Pasty silty clay 
1/10 135 Gray Clay rich silt 
2/1 5 Grayish brown Sticky silty clay 
2/2 10 Gray  fine sand 
2/3 35 Gray Mixed mica fine sand 
2/4 50 Gray Biotite fine sand 
2/5 80 Light gray Biotite fine sand 
2/6 90 Light gray  fine sand 
2/7 100 Light gray Large mica flakes fine sand 
2/8 110  Large mica flakes fine sand 
2/9 120   fine sand 
2/10 140  Large qtz/calc/felds grains fine sand 
3/1 10 Yellowish brown Sticky silt 
3/2 30 Yellow High mica fine sand 
3/3 45 Yellow Muscovite fine sand 
3/4 55 Yellow Getting more gray fine sand 
3/5 65 Yellow Getting more gray fine sand 
3/6 80   fine sand 
3/7 95 Yellowish gray  fine sand 
3/8 105 Yellow With pasty clay clots very fine sand 
3/9 120 Blackish yellow  fine sand 
3/10 130 Grayish yellow Warm fine sand 
4/1 10 Brownish gray Pasty silt 
4/2 20 Blackish gray Pasty silt 
4/3 30 Blackish gray Sandy feeling silt 
4/4 45 Blackish gray Pasty silt 
4/5 65 Gray Coarse granules silt 
4/6 75 Gray  fine sand 
4/7 85 Gray High mica fine sand 
4/8 95 Light gray  fine sand 
4/9 115 Yellowish gray  fine sand 
4/10 125 Gray  fine sand 
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Table 3.2 Sequential extraction and total arsenic results for each sediment sample with 
J-flagged values in italics, samples above detection limits bolded and samples below 
detection limits shown as bdl. NA = not analyzed. Note: H2O, NaHCO3, NaOH, and HCl 
samples were analyzed on a GFAAS with a sample detection limit of 0.001 µg/L, and 
residual and total As samples were analyzed on an ICP-OES with a detection limit of 0.01 
µg/L. 
Sample Depth H2O NaHCO3 NaOH HCl Residual Total 
name (ft) As conc. (mg/kg) As (mg/kg) As (mg/kg) 
1/4 45 bdl bdl bdl bdl 2.91 3.30 
1/5 55 bdl bdl bdl bdl 3.22 5.47 
1/6 75 0.01 bdl bdl 0.45 2.24 3.01 
1/7 90 bdl bdl bdl bdl 2.54 3.36 
1/8 110 bdl bdl bdl bdl 1.98 3.29 
2/2 25 bdl bdl bdl bdl 2.34 4.84 
2/3 35 0.17 bdl bdl bdl 2.47 3.21 
2/4 50 bdl bdl bdl bdl 4.65 8.10 
2/5 80 bdl bdl bdl 0.36 2.40 2.17 
2/6 90 bdl bdl bdl bdl 1.42 2.30 
2/7 100 bdl bdl bdl bdl 1.17 2.70 
2/8 110 bdl bdl bdl bdl 2.63 3.13 
2/9 120 bdl bdl bdl bdl 5.66 4.72 
2/10 140 bdl bdl bdl bdl 2.27 3.01 
3/2 30 0.01 bdl bdl bdl NA 2.47 
3/3 45 0.01 bdl bdl bdl 1.44 2.28 
3/4 55 bdl bdl bdl bdl 1.23 2.25 
3/5 65 bdl bdl bdl bdl 1.41 2.30 
3/6 80 0.01 bdl bdl bdl 2.02 2.07 
3/7 95 0.08 bdl bdl bdl 1.53 2.99 
3/8 105 0.38 bdl bdl bdl 3.55 14.54 
3/9 120 bdl bdl bdl bdl 1.51 1.99 
3/10 130 0.23 bdl bdl 2.33 1.86 2.43 
4/5 65 0.52 bdl bdl bdl 6.83 17.94 
4/6 75 bdl bdl bdl bdl 2.52 6.28 
4/7 85 bdl bdl bdl bdl 2.82 5.26 
4/8 95 bdl bdl bdl bdl 2.11 3.61 
4/9 115 bdl bdl bdl bdl 0.90 1.80 
4/10 125 bdl bdl bdl 0.45 1.24 1.92 
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Table 3.3 Overall method percent recovery of sediment samples. 
Sample Total As Sum of steps 1-5 Recovery 
name (mg/kg) (mg/kg) (%) 
1/4 3.30 2.91 88.2 
1/5 5.47 3.22 58.8 
1/6 3.01 2.70 89.6 
1/7 3.36 2.54 75.6 
1/8 3.29 1.98 60.1 
2/2 4.84 2.34 48.3 
2/3 3.21 2.64 82.5 
2/4 8.10 4.65 57.5 
2/5 2.17 2.77 127.4 
2/6 2.30 1.42 61.7 
2/7 2.70 1.17 43.2 
2/8 3.13 2.63 84.0 
2/9 4.72 5.66 119.9 
2/10 3.01 2.27 75.3 
3/2 2.47   
3/3 2.28 1.45 63.8 
3/4 2.25 1.23 54.6 
3/5 2.30 1.41 61.2 
3/6 2.07 2.03 98.0 
3/7 2.99 1.61 53.9 
3/8 14.54 3.93 27.0 
3/9 1.99 1.51 76.1 
3/10 2.43 4.42 181.7 
4/5 17.94 7.35 41.0 
4/6 6.28 2.52 40.1 
4/7 5.26 2.82 53.5 
4/8 3.61 2.11 58.5 
4/9 1.80 0.90 50.0 
4/10 1.92 1.69 87.9 
average % recovery   72.1 
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Table 3.4 Method accuracy and precision measured using NIST standards duplications. 
Method accuracy     Method precision 
 SJc SJ2 SJ3 SJ4 average  SDa %RSD 
H2O -0.14 0.00 1.04 2.16 0.77 1.07 139.57 
NaHCO3 -2.30 0.03 -2.19 -1.77 -1.56 1.08 -69.46 
NaOH -3.49 0.16 -2.75 -3.25 -2.33 1.69 -72.33 
HCl 0.28 1.78 -0.89 -0.65 0.13 1.21 936.63 
Residual As 9.03 6.30 3.64 3.82 5.70 2.53 44.43 
Sum of steps 1-5 9.31 8.08 4.67 5.98 7.01 2.08 29.61 
True value As 10.30 10.30 10.30 10.30    
% recoveryb 90.35 78.42 45.38 58.08    
Average % recovery 68.06       
Average % RSD       168.07 
a SD represents standard deviation; b Percent recovery of extraction method, c San 
Joaquin Soil Standard NIST 2709 
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Table 3.5 Arsenic concentrations in sediment samples and in nearby groundwater 
samples. 
Sediment bore location Nearby wells 
Boring/ 
sample # 
Village Depth 
(ft) 
As 
mg/kg 
(ppm) 
Village Depth 
(ft) 
As mg/L 
(ppm) 
1/4 Bodakuli 45 3.30 Bodakuli 46 0.04 
1/5 Bodakuli 55 5.47 Bodakuli 68 0.02 
1/6 Bodakuli 75 3.01 Bodakuli 86 0.13 
1/7 Bodakuli 90 3.36 Bodakuli 190 0.16 
1/8 Bodakuli 110 3.29    
2/2 Hazigunj 25 4.84 Hajipur 60 0.02 
2/3 Hazigunj 35 5.89 Hazigunj 198 0.04 
2/4 Hazigunj 50 8.10    
2/5 Hazigunj 80 2.17    
2/6 Hazigunj 90 2.30    
2/7 Hazigunj 100 2.91    
2/8 Hazigunj 110 4.72    
2/9 Hazigunj 120 3.14    
2/10 Hazigunj 140 3.14    
3/2 Kiriteshwari 30 2.47 Kiriteshwari 138 <0.01 
3/3 Kiriteshwari 45 2.28    
3/4 Kiriteshwari 55 2.25    
3/5 Kiriteshwari 65 2.30    
3/6 Kiriteshwari 80 2.07    
3/7 Kiriteshwari 95 2.99    
3/8 Kiriteshwari 105 14.54    
3/9 Kiriteshwari 120 1.75    
3/10 Kiriteshwari 130 2.43    
4/5 Dahapara 65 17.94 Bandhabpara 
School 
61 <0.01 
4/6 Dahapara 75 6.28 Dahapara 76 0.01 
4/7 Dahapara 85 5.26    
4/8 Dahapara 95 3.61    
4/9 Dahapara 115 1.80    
4/10 Dahapara 125 1.92    
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Table 3.6 Total organic carbon, inorganic carbon, and arsenic concentration for each 
sediment sample. NA = not analyzed. 
Sample name % Total carbon % TOC % Inorganic 
carbon 
As mg/kg 
1/2 0.37 <0.01 0.37 NA 
1/5 0.40 0.02 0.38 5.47 
1/6 0.32 <0.01 0.32 3.01 
1/7 0.32 <0.01 0.32 3.36 
1/8 0.78 0.24 0.55 3.29 
2/2 0.59 0.08 0.50 4.84 
2/3 0.44 0.09 0.36 3.21 
2/6 0.43 <0.01 0.43 2.30 
2/7 0.33 0.02 0.31 2.70 
2/8 0.62 <0.01 0.62 3.13 
2/9 0.36 <0.01 0.36 4.72 
2/10 0.42 <0.01 0.42 3.01 
3/2 0.04 <0.01 0.04 2.47 
3/4 0.04 <0.01 0.04 2.25 
3/6 0.07 <0.01 0.07 2.07 
3/7 0.03 <0.01 0.03 2.99 
3/10 0.04 <0.01 0.04 2.43 
4/6 1.75 0.62 1.13 6.28 
4/9 0.35 <0.01 0.35 1.80 
4/10 0.51 <0.01 0.51 1.92 
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Table 3.7 Detailed identification of clast groups and individual minerals in all thin 
sections. 
   As present Total 
Abrv. Clast groups Identified phases in group Y N counts 
1:1 phy 1:1 phyllosilicate totals 6 0 6 
  unidentified 1:1 clay mineral 1 0 1 
  kaolinite 5 0 5 
2:1 phy 2:1 phyllosilicate totals 49 0 49 
  unidentified 2:1 clay mineral 40 0 40 
  unidentified mica 1 0 1 
  biotite 4 0 4 
  chlorite 4 0 4 
FeO(OH) Fe oxyhydroxides totals 6 12 18 
  unidentified Fe-oxides 4 9 13 
  titaniferous hematite 0 2 2 
  titaniferous magnetite 2 1 3 
Ap apatite totals 2 1 3 
Qtz quartz totals 1 8 9 
  quartz 0 8 8 
  Fe-coated quartz 1 0 1 
Am amphibole totals 2 0 2 
Als aluminosilicates totals 3 2 5 
  unidentified aluminosilicates 2 3 5 
  titanium aluminosilicate 
(Dolcater et al. 1970) 
1 0 1 
Psol paleosol totals 35 15 50 
  calcite 1 0 1 
  calcite cement 4 1 5 
  quartz 1 3 4 
  rutile 5 1 6 
  biotite 1 0 1 
  calcite 1 0 1 
  biotite 1 0 1 
  kaolinite 1 0 1 
  apatite 1 0 1 
  calcite 1 0 1 
  pyrite 1 0 1 
  paleosol matrix 17 10 27 
NA Not included in 
mineral groups 
zircon 1 0 1 
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Table 3.7 (continued) 
   As present Total 
Abrv. Mineral groups Identified minerals in group Y N counts 
Cal calcite totals 3 0 3 
  calcite 2 0 2 
  calcium carbonate 1 0 1 
Pyx pyroxenes totals 9 0 9 
  diopsode 4 0 4 
  ferroaugite 1 0 1 
  ferrohypersthene 1 0 1 
  augite 3 0 3 
Rt rutile totals 4 6 10 
  rutile 4 5 9 
  ferrous rutile 0 1 1 
K-spar K-feldspar totals 3 1 4 
Ep epidote totals 1 0 1 
 
 
 
 
Figure 3.1 Graph of sequential extraction results for arsenic in each sample. 
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Figure 3.2 Extractogram for standard NIST 2709 San Joaquin Soil. Note that negative 
values are below detection limit. 
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Figure 3.3 Graphs of total arsenic concentration in sediment and groundwater as a function of depth in each sampling location. 
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Figure 3.4 Graph of arsenic versus aluminum for all sediment samples. 
 
Figure 3.5 Graph of arsenic versus calcium for all sediment samples. 
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Figure 3.6 Graph of arsenic versus iron for all sediment samples. 
 
Figure 3.7 Graph of arsenic versus manganese for all sediment samples. 
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Figure 3.8 Graph of arsenic versus iron for core 1. 
 
Figure 3.9 Graph of arsenic versus manganese for core 1. 
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Figure 3.10 Graph of arsenic versus iron for core 2. 
 
Figure 3.11 Graph of arsenic versus manganese for core 2. 
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Figure 3.12 Graph of arsenic versus iron for core 3. 
 
Figure 3.13 Graph of arsenic versus manganese for core 3. 
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Figure 3.14 Graph of arsenic versus iron for core 4. 
 
Figure 3.15 Graph of arsenic versus manganese for core 4. 
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Figure 3.16 Graph of percent organic and inorganic carbon per sample. 
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Figure 3.17 Graph of percent total and organic carbon versus arsenic concentration. 
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Figure 3.18 Total organic carbon versus arsenic content in sediment samples. 
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Figure 3.19 Overall trend in clast abundance and arsenic content in all samples. See 
Table 3.7 for abbreviations. 
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Figure 3.20 Core-by-core comparison of clast composition for every sample. 
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Figure 3.21 Graph of ratio of arsenic presence to total samples in sediment microprobe 
analysis versus averaged arsenic concentrations in groundwater for the same location. 
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Chapter 4. Discussion 
Comparison of the extractogram in Figure 3.2 to the same standard which was 
extracted and collected as a whole, without being subdivided into subfractions as in 
Table 3.2, reveals that dilution is occurring and masking results in the extractants. 
Likewise, Figure 3.1 shows that nearly all extracted As concentrations were below 
detection limits, even though several samples had higher As concentrations than the 
standard used. This is further evidence of dilution errors in the extractants. Therefore, 
the following discussion will focus on total arsenic concentrations. 
Dissolved arsenic is detectable east of the River Bhagirathi-Hoogly (cores 1 and 
2) and nearly undetectable west of the river (cores 3 and 4) (Figure 1.4) (Mukherjee and 
Scanlon, 2008; Neal et al., 2009). This trend is consistent with arsenic concentrations in 
sediment samples except for core 4, which is close to the western bank of the 
Bhagirathi-Hoogly. Core 3 contained relatively low levels of both inorganic and organic 
carbon as well as relatively low levels of solid-phase arsenic. Sediments were darker in 
cores 1, 2, and 4, which indicate a more reduced state, consistent with higher arsenic 
concentrations in the solid phase and, except for core 4, in the dissolved phase. The link 
between reducing aquifers and higher dissolved arsenic concentrations in the Bengal 
basin has been studied by Horneman et al. (2004), von Brömssen et al. (2008), and 
Mukherjee and Fryar (2008), among others. However, as noted by Neal (2010), there 
was not a statistically significant correlation between solid-phase As and solid-phase Fe 
or between solid-phase As and solid-phase Mn, except for core 4, which had a positive 
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correlation between As and Mn (R2 = 0.86, P = 0.10). Likewise, there was not a strong 
correlation between solid-phase As and inorganic or organic carbon, but there was a 
weak but statistically significant correlation of organic carbon to arsenic (R2 = 0.39, P = 
0.05). 
The petrographic microscopy and microprobe results address the potential 
provenance of arsenic in groundwater of the study area, which was inconclusive in the 
sequential extraction results. The consistent presence of arsenic in detrital 
aluminosilicates such as pyroxenes and micas indicates that these minerals may be the 
source of arsenic in secondary minerals (in particular, 1:1 and 2:1 phyllosilicates). 
Seddique et al. (2008) found that arsenic release into groundwaters of Bangladesh was 
primarily caused by chemical weathering of biotite, a phyllosilicate. They supported this 
conclusion with geochemical analyses of core sediment from Holocene aquifers and 
Pleistocene aquifers in Bangladesh. Seddique et al. (2008) suspected biotite in arsenic 
mobilization because of strong correlations between Al and As and between Fe and As, 
but not between organic carbon and As. However, because no strong correlation 
between Al and As in the solid phase was observed in this study, arsenic mobilization 
could be more widely controlled by the pyroxene group than by phyllosilicates. 
Some correlations between Mn oxides and arsenic and between organic carbon 
and arsenic in the digested samples support the widely-held hypothesis that arsenic 
release is controlled by microbially-mediated reductive dissolution of As-containing Fe 
(oxyhydr)oxides (FeOOH) and Mn (oxyhydr)oxides coating sand grains and clay minerals 
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in association with organic matter. As Seddique et al. (2008) have pointed out, however, 
FeOOH is a secondary phase formed during diagenetic reaction in the sediment, so that 
the true sources of arsenic in the Bengal basin are still being debated.  
Each of these analyses points to significant differences between core 3 and the 
other cores. These differences include organic and inorganic carbon content (Figure 
3.16), solid-phase arsenic content (Table 3.5), sediment color (Table 3.1), and 
abundance of pyroxenes and micas (Appendix 1). In particular, the detrital mineralogy 
suggests differences in source terrains. Cores 1, 2, and 4 probably represent Holocene 
floodplain deposits, whereas core 3 sediments may have originated from Pleistocene 
floodplain deposits from the paleo-Ganges drainage system. Morgan and McIntyre 
(1959) describe two main Quaternary sediment types present in the Bengal Basin 
(Figure 4.1). Pleistocene sediments are well-oxidized; reddish, brown, or tan; and 
mottled. They commonly contain ferruginous or calcareous nodules, with organic 
matter commonly confined to the surface soil profile. Recent sediments, on the other 
hand, are typically dark and loosely compacted, and they contain appreciable amounts 
of organic matter. Some sediments in core 3 may also have originated from the Indian 
craton to the west (Mukherjee et al., 2009) 
A lingering question is the lack of arsenic in groundwater adjoining core 4. As 
noted above, core 4 is similar in color to cores 1 and 2, which were collected in areas 
with elevated As in groundwater. Likewise, mineralogy of sands is similar in cores 1, 2, 
and 4. Core 4 differs from the other three cores in having a relatively thick surficial silt 
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layer: sand was observed at depths of 10 to 25 ft (3.0 to 7.6 m) in borings 1–3, but was 
not observed until 70 ft (21 m) depth in boring 4. Consequently, this silt layer probably 
acts as a local confining unit, which impedes downward movement of As, as observed 
elsewhere in the western Bengal basin (Mukherjee et al., 2011b).  
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Figure 4.1 Map of Quaternary geology of the Bengal Basin in India and Bangladesh 
showing study location, modified from Morgan and McIntyre (1959). 
  
Study Area
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Appendix A 
Clast identification and arsenic presence by depth and core location. 
Core 1 
Sample 
name 
Depth 
(ft) 
Grain 
# 
Clast ID Paleosol or rock 
fragment # 
As 
present 
1/2 20 1 paleosol  N 
  2 rutile  N 
  3 apatite  N 
  4 paleosol  N 
  5 rutile  Y 
  6 augite  Y 
  7 titaniferous magnetite rock fragment 7 Y 
  8 2:1 phyllosilicate rock fragment 7 Y 
  9 quartz  N 
1/5 55 1 2:1 phyllosilicate  Y 
  2 2:1 phyllosilicate  Y 
  3 2:1 phyllosilicate  Y 
  4 rutile paleosol 4 Y 
  5 kaolinite paleosol 5 Y 
  5b biotite paleosol 5 Y 
  6 biotite paleosol 6 Y 
  6b calcite paleosol 6 Y 
  7 quartz  N 
1/6 75 1 paleosol  N 
  2 biotite  Y 
  3 chlorite  Y 
  4 aluminosilicate  Y 
  4b 2:1 phyllosilicate  Y 
  5 2:1 phyllosilicate  Y 
  6 zircon  Y 
  7 quartz  N 
  8 2:1 phyllosilicate  Y 
  9 diopside (pyroxene)  Y 
  10 2:1 phyllosilicate  Y 
  11 titaniferous hematite  N 
  12 diopside (pyroxene)  Y 
  13 rutile  N 
  14 titanium aluminosilicate 
(Dolcater et al., 1970) 
 Y 
      
Core 1 (Continued) 
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Sample 
name 
Depth 
(ft) 
Grain 
# 
Clast ID Mineral identified 
within paleosol or rock 
fragment 
As 
present 
1/7 90 1 pyroxene-ferroaugite  Y 
  2 pyroxene-
ferrohypersthene 
 Y 
  3 2:1 phyllosilicate  Y 
  4 augite  Y 
1/8 110 1 paleosol  Y 
  2 paleosol  N 
  3 paleosol  Y 
  4 aluminosilicate  N 
  5 rutile paleosol 6 Y 
  6 paleosol (contains grain 
5) 
 N 
  7 augite  Y 
  8 pyrite paleosol 8 Y 
  9 calcite  Y 
  10 ferrous rutile  N 
  11 epidote  Y 
  12 paleosol  Y 
 
  
58 
Core 2 
Sample 
name 
Depth 
(ft) 
Grain 
# 
Clast ID Mineral 
identified 
within 
paleosol or 
rock fragment  
As 
present 
2/2 25 1 biotite  Y 
  2 amphibole  Y 
  3 K-spar  Y 
  4 amphibole  Y 
  5 K-spar  Y 
  6 K-spar  Y 
2/3 35 1 2:1 phyllosilicate  Y 
  2 2:1 phyllosilicate  Y 
  3 paleosol  Y 
  4 paleosol  Y 
  5 rock fragment quartz N 
  6 paleosol  Y 
2/6 90 1 2:1 phyllosilicate  Y 
  2 2:1 phyllosilicate  Y 
  3 rutile  N 
  4 2:1 phyllosilicate  Y 
  5 rutile  N 
  6 apatite  Y 
2/7 100 1 2:1 phyllosilicate  Y 
  2 paleosol  N 
  3 2:1 phyllosilicate  Y 
  4 kaolinite  Y 
  5 Fe-oxide  N 
  6 Fe-oxide  N 
  7 2:1 phyllosilicate  Y 
  8 2:1 phyllosilicate  Y 
2/8 110 1 2:1 phyllosilicate  Y 
  2 chlorite  Y 
  3 paleosol  N 
  4 2:1 phyllosilicate  Y 
  5 Fe-oxide  Y 
  6 quartz  N 
  7 calcite  Y 
  8 2:1 phyllosilicate  Y 
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Core 2 (Continued) 
Sample 
name 
Depth 
(ft) 
Grain 
# 
Clast ID Mineral 
identified 
within 
paleosol or 
rock fragment  
As 
present 
2/9 120 1 2:1 phyllosilicate  Y 
  2 diopside (pyroxene)  Y 
  3 2:1 phyllosilicate  Y 
  4 chlorite  Y 
  5 2:1 phyllosilicate  Y 
  6 diopside (pyroxene)  Y 
  7 2:1 phyllosilicate  Y 
  8 Fe-oxide  Y 
  9 2:1 phyllosilicate  Y 
  10 weathered kaolinite  Y 
2/10 140 1 2:1 phyllosilicate  Y 
  2 paleosol  Y 
  2B paleosol unknown Y 
  3 paleosol  Y 
  4 paleosol  Y 
  6 2:1 phyllosilicate  Y 
  7 titaniferous hematite  N 
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Core 3 
Sample 
name 
Depth 
(ft) 
Grain 
# 
Clast ID Mineral 
identified 
within 
paleosol or 
rock fragment  
As 
present 
3/2 30 1 paleosol  Y 
  1b rutile paleosol 1 N 
  2 2:1 phyllosilicate  Y 
  3 unknown  N 
  4 titaniferous magnetite  N 
  5 2:1 phyllosilicate  Y 
  6 Fe-oxide  N 
  7 rutile  N 
  8 unknown  N 
  8b 2:1 phyllosilicate  Y 
  9 rutile  Y 
  10 weathered kaolinite  Y 
  11 Fe-oxide  Y 
3/4 55 1 paleosol  Y 
  1b rutile paleosol 1 Y 
  2 phosphate silicate?  N 
  3 phosphate silicate?  Y 
  4 2:1 phyllosilicate  Y 
  5 unknown  Y 
  6 2:1 phyllosilicate  Y 
  7 paleosol  N 
  8 titaniferous magnetite  Y 
  10 weathered kaolinite  Y 
3/6 80 1 Fe-coated quartz  Y 
  2 paleosol  Y 
  3 rutile paleosol 2 Y 
  4 K-spar  N 
  5 rutile  Y 
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Core 3 (Continued) 
Sample 
name 
Depth 
(ft) 
Grain 
# 
Clast ID Mineral 
identified 
within 
paleosol or 
rock fragment  
As 
present 
3/7 95 1 apatite  Y 
  2 weathered kaolinite  Y 
  3 2:1 phyllosilicate  Y 
  4 paleosol  Y 
  5a unknown  Y 
  5b 2:1 phyllosilicate  Y 
  6 Fe-oxide  N 
  7 apatite paleosol 7 Y 
  9 Fe-oxide  N 
  10 biotite  Y 
  11 Fe-oxide  N 
  12 paleosol  N 
  13a rutile rock fragment 
13 
Y 
  14 mica  Y 
  15 quartz  N 
3/10 130 1 paleosol  N 
  2 2:1 phyllosilicate  Y 
  3 chlorite  Y 
  4 Fe-oxide  N 
  5 2:1 phyllosilicate  Y 
  6 2:1 phyllosilicate  Y 
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Core 4 
Sample 
name 
Depth 
(ft) 
Grain 
# 
Clast ID Mineral 
identified 
within 
paleosol or 
rock fragment  
As 
present 
4/6 75 1 calcite  Y 
  2 2:1 phyllosilicate  Y 
  3 calcite paleosol 3 Y 
  4 Fe-oxide  N 
  5 calcite paleosol 5 Y 
  6 quartz  N 
  7 aluminosilicate  N 
  8 quartz paleosol 8 N 
  9 quartz paleosol 9 N 
  10 quartz paleosol 10 N 
  11 calcite cement paleosol 11 Y 
  12 2:1 phyllosilicate  Y 
  13 Fe-oxide  N 
  14 quartz paleosol 14 Y 
  15 calcite cement paleosol 15 N 
4/9 115 1 rutile paleosol 1 Y 
  2 Fe-oxide  Y 
  3 paleosol 3  Y 
  4 calcite cement paleosol 4 Y 
  5 aluminosilicate  Y 
4/10 125 1 biotite  Y 
  2 calcite cement paleosol 2 Y 
  3 paleosol  Y 
  4 paleosol  Y 
  5 aluminosilicate  N 
  6 quartz  N 
  7 calcite cement paleosol 7 Y 
  8 1:1 phyllosilicate  Y 
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